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'  V 

After  tfreat  progress  related  to  soot  fonaation  in  nomal  diffusion 
flaxes,  studies  of/ near  and  sli^tly  sooting  inverse  diffusion  flaaes  were 
initiated  to  detensine  the  key  interaediates  to  soot  foraation.  The  results 
indirectly  confira  that  the  initial  nuid>er  density  of  soot  particles  which 
fora  scale  with  aroaatic  foraation  Just  prior  to  soot  ii^iception.  Correlations 
exist  between  a  fuel's  sooting  tendency  as  aeasured  by  the  Princeton  saoke 
hei^t  experiaent  and  the  extent  of  aroaatic  foraation  aeasured  in  both 
inverse  and  noraal  diffusion  flaaes. 

Work  on  the  oxidation  of  the  aroaalics  present  in  jet  propulsion  fuels 

I 

I  ^  r  ,  \ 

•  has  continuec^ith  the  aajoi^effect' now  directed  at  the  dialkylated  benzenes. 
The  aajor  study  concerned  the  oxidation  of  para-xylene.  IThe  results  indicate 

\C 

'the  oxidation  of  one  side  chain  at  a  tiae  before  the  benzene  ring  is  atta<^l^. 
There  is  a  linear  decay  of  the  fuel  and  the  aajor  species  detected  %#ere 

,•»  *  >  ■  *  iJi'  t 

toluene,  benzene,  p-tolualdehyde,  p-ethyltoluene  and  CO.  Kinetics  steps 
leading  to  these  interaediates  are  given. 

Coabustion  property  observations  of  isolated  boron  slurry  droplets  were 
extended  in  the  past  year  to  in-house  boron/ JP-10  slurries  with  and  without 
surfactants.  The  experiaental  results  have  revealed  that  stabilizing  agents 
are  responsible  for  the  violent  disruption  of  the  priaary  slurry  droplet  and 
strongly  support  the  hypothesis  of  the  foraation  of  the  iaperaeable  shell  and 
subsequent  disnq>tion  phenoaena,,  that  had  been  proposed  previoiuly. 

I.  Research  Objectives  ' 

'  •  •  I  , 

Present  and  anticipated  variations  in  fuels  and  trends  toward  high 
perforaance  propellants  require  greater  understanding  of  the  cheaical 


V 
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phenoaena  associated  with  the  coai>uation  aspects  of  the  varicus  propulsion 
syataas  of  current  and  future  interest  to  the  Air  Force.  Under  AFOSR  an 
integrated,  fundasental  progras  on  fuel  research  was  established  at  Princeton. 
Current  eaphasia  and  research  objectives  are  directed  towards  understanding 
soot  foraation  and  destruction  processes;  on  related  pyrolysis  and  oxidation 
studies  of  hydrocarbons,  particularly  the  various  types  of  aroaatics  that 
aggravate  soot  conditions  and  are  the  coaponents  of  heavy  fuels,  and  mastering 
high  energy  density  boron  and  slurry  coabustion  problsas. 

In  subsequent  sections  this  t'eport  details  the  progress  aade  duri'ig  the 
past  year  and  the  publications  which  have  eaanated  froa  the  work. 

II.  Status  of  tk^s  Besearch  and  Year*s  Progress 

This  section  is  divided  into  three  parts  which  correspond  to  the  current 
aajor  objectives  of  the  research  prograa. 

A.  Pjrrolysis  and  Oxidation  of  Aroaatic  Fuels 

Previous  investigations  (1-3)  of  the  high  teaperature  (1000-1200K) 
oxidation  of  aethyl,  ethyl  and  n-^ropyl  benzene  in  the  Princeton  flow  reactor 
have  indicated  that  three  priaary  processes  are  instruaental  in  rsaoving  the 
alkyl  side  chain  froa  the  arcaatic  ring:  1)  abstraction  of  a  hydrogen  froa  the 
alkyl  group,  decoaponition  of  the  radical  and,  oxidation  of  the  subsequently 
fomed  species;  2)  displaceaent  of  the  nlkyl  group  by  a  radical 
species-usual ly  an  H  atoa;  3)  theraal  cleavage  (hoaolysis)  of  part  of  the  side 
chain  followed  by  oxidation  of  the  resultant  radicals.  Since  the  side  chain  is 
reaoved  initially  by  these  three  processes  without  any  aajor  attack  on  the 
aroaatic  ring  (4,5),  it  was  also  found  that  the  oxidation  of  alkylated  aro- 
aatics  eventually  reduces  siaply  to  the  oxidation  of  the  phenyl  radical  and/or 
benzene.  Much  of  the  basic  understanding  of  the  reactions  inportant  in  the 
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rOBoval  of  the  side  chain  waa  gained  froa  obaerving  that  the  cheaiatry  of  the 
oxidation  of  aethyl,  ethyl  and  n-propyl  benaene  xaa  analogoua  in  aany  ways  to 
the  oxidation  cheaiatry  of  aethanie  (6),  ethane  (7)  and  propane  (8).  Further 
experiaental  work  in  relation  to  earlier  work  on  the  oxidation  of  butane  (9) 
ahowed  that  aiailar  analogiea  could  be  aade  with  n-butyl  benzene  (10).  The 
conaequence  of  thin  extenaive  work  <»)  the  aono-alkylated  aroaMtica  waa  the 
foraulation  of  a  aiaple.  generalized,  aechaniatic  aodel  for  the  oxidation  of 
the-  Bonoalkylated  aroeatica  that  certainly  ahould  be  valid  in  the  teiq>erature 
and  preaaure  range  of  the  turbulent  flow  reactor  (10). 

The  aain  effort  on  thia  aapect  of  the  overall  prograa  then  concentrated 
on  the  ■ulti'^aubatituted  aroaMtica  with  particular  attention  given  to  para- 
xylene.  Moat  of  the  oxidation  experiaenta  on  p-xylene  were  conducted  in  the 
range  of  1163-1183K  at  a  aixture  ratio  that  waa  eaaentially  atoichioaetric. 
Data  taken  indicated  that  the  atoichioaetry  did  not  affect  the  oxidation 
acchanian  noticeably. 

The  aajor  apeciea  detected  during  the  experiaenta  were  toluene,  benzene, 
p-tolualdehyde,  p-ethyltoluene,  CO,  and  fuel  (Fig.  1).  The  aajor  aliphatic 
found  was  aethane.  The  concentration  of  CO  increased  throughout  the  oxidation 
process,  hence,  no  CO2  waa  foraed  and  the  experiaenta  were  essentially 
isotheraal . 

The  fuel  appears  to  decay  linearly  suggesting  a  zero  order  decoaipoaition. 
This  result  is  believed  to  be  caused  by  the  p-aethylbenzyl  radical 
(CHaCeHtCHz ) .  The  interaediatea  form  during  the  oxidation  indicate  that 
this  radical  could  be  present  in  large  aaounts  due  to  resonant  stobility. 
Consider  the  foraation  of  ethyltoluene.  The  aost  likely  aeans  to  fora 
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ethyltoluene  is  by  the  reaction  between  aethylbenzyl  and  a  aethyl  radical  (the 
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n^thyl  coainf  f'roa  •  aide  chain  diaplacaaent  by  hydrogan).  For  the  radical- 
radical  reaction  to  be  aignificant,  relatively  large  aaounta  of  Bethylbenyxyl 
and  aethyl  auat  be  preaent.  The  atability  of  Mthyl  ia  well  known.  It  ia 
poatulated  that  ■ethylbensyl  ia  raaonantly  atabiliced,  aiwilax'  to  the  bansyl 
radical  (CaHtCHa),  hence  allowing  it  to  fora  in  relatively  large  ccmcentra- 
tiona.  Further  aupport  would  be  the  preaence  of  larger  aroMtica  aucfa  aa  1,2- 
di-(4-tolyl}  ethane  which  can  be  foraed  by  the  diaeriiation  of  two  aethyl- 
benzyl  radicala.  The  poaitive  identification  of  thia  apeciea  ia  currently 
being  investigated  through  the  use  of  Besa  apectroiMtry. 

In  order  to  possibly  explain  the  linear  fuel  decay  one  notes  that  the 
aaaqjtling  probe  now  in  use  quenches  the  aaaple  at  700  so  that  unstable  species 
quickly  recoaiiine  to  fora  stable  species.  Thus  if  ■ethylbensyl  were  asapled, 
it  tfould  Boat  likely  reco^ine  with  any  hydrogen  or  abstract  hydrogen  froa 
other  species  and  be  detected  as  xylene.  This  effect  could  explain  the 
apparent  linear  rate  of  fuel  decay  seen  in  the  data.  Of  course  this 
hypothesis  Bust  be  verified  through  eatiBation  of  the  Bethylbenz.'!  radical 
concentration  which  is  currently  being  done.  It  is  worth  pointing  out  that 
previous  oxidation  experinents  of  toluene  (CsHsClb}  in  the  reactor  also 
produced  a  linear  fuel  decay  and  the  benzyl  radical  was  estiaated  to  achieve 
relatively  high  concentrations. 

The  proposed  oxidation  nechaniaB  of  p-xylene  involves  the  oxidation  of 
one  aide  chain  at  a  tine  before  the  ring  ia  broken  in  a  Banner  not  unlike  the 
oxidation  of  the  single  side  chain  species,  toluene.  The  najor  reaction  route 
is  the  abstraction  of  the  side  chain  hydrogen  by  a  radical  (X) 

CH3CeH4CH3  ■»-  X  —  >  CH3C6H4CH2  4  XH  (1) 

Reaction  (1)  has  been  observed  by  other  investigators  to  doainate  over 
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addition  of  X  at  tha  toaporaturc  of  tbia  atudy.  Traca  MMMinta  of 
diaatliylplianol  i«are  datactad  though,  probably  due  to  the  addition  of  0  atos  to 
tha  ring.  Coapating  with  (1),  but  laaa  likely,  is  tha  diaplacaaant  of  tha 
■ethyl  group  by  hydrogen 

ClbCeH«CH3  -t-  H  —  >  CelbCHa  Cib  <2) 

which  has  also  bean  docunantad.  This  postulate  ia  su^ortad  by  tha  early 
appearance  of  large  aaounta  of  toluene  and  the  presence  of  athyltoluena  as 
discussed  earlier. 

The  nethylbenEyl  then  reacts  with  0  atoa  to  fora  tolualdeh'^e,  another 
■ajor  interaediate, 

CHaCelUCUa  0  —  >  CIbCeIbCIlO  +  H  '3) 

or  ethyltoluene 

CHaCelUClb  CHa  ~  >  CHaUIbCtHs  (4) 

The  ■ethylbensyl  can  also  dinerise,  as  noted  earlier,  but  this  step  is  not  a 
significant  reaction  route. 

The  fate  of  the  tolualdehyde  is  aoat  likely  abstraction  of  the  forayl  H 
and  the  decoaposition  to  CO  and  the  tolyl  radical 


CHaCeIbCKO  •«-  X  —  > 

CH3C6H«C0  -t  XH 

(5) 

CHjCelUCO  —  > 

CHsCeH*  -t-  CO 

(6) 

This  route  is  supported  b>;  the  presence  of  early  CO  continuing  throughout  the 
oxidation  fron  the  beginning.  The  tolyl  radical  probably  abstracts  an  H  (e.g. 
froB  the  fuel)  and  oxidizes  as  toluene  since  no  aroawtic  ring  fragaents  which 
contain  the  extra  aethyl  group  are  detected. 

Saall  aaounts  of  p-aethylstryrene  were  detected’  and  are  believed  to  coae 
froa  the  decao4>osition  of  the  ethyltoluene  via  the  abstraction  of  the  benzyl ic 
hydrogen 


CH3CaH4C2Hs  ^  X  --  >  ClbCeK^CHCHa  XH 
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(7) 

CHsCtlUCIICIfa  —  >  Clbr«HcCHs:CHi  4  H  (8) 

Slallar  to  rMction  (2),  the  ethyltoluene  can  eleo  have  the  ethyl  group 
displaced  by  a  hydrogen.  The  fate  of  the  aethylatyrene  ia  probably 
diaplac—ent  of  the  ethenyl  group  again  leading  to  the  tolyl  radical. 

The  aide  chain  of  the  toluene  foned  then  oxidiaea  in  a  aiailar  Banner  as 
the  xylene  until  the  phenyl  radical  (CaHi)  is  foraed.  This  radical  oxidises 
to  cyclopentadiene  which  breaks  down  into  the  aliphatics. 

So,  aa  can  be  seen  by  the  suggested  aechaniaa,  it  ia  believed  that  p- 
xylene  oxidises  one  aide  chain  at  a  tiae  and  leads  to  foraation  of  CO  before 
the  aroaatic  ring  breaks  up  and  the  subsequent  foraation  of  toluene.  The 
trend  the  aechaniaa  suggests  ia  supported  by  the  experiaental  data  obtained. 

The  current  work  will  be  directed  towards  deteraination  of  the 
concentration  of  the  aethylbenzyl  radical  to  explain  the  linear  fuel  decay  and 
to  further  develop  the  analysis  techniques  using  capillary  €x>luan  gas 
chroaatography.  It  is  believed  that  i^>roved  analysis  will  yield  aore 
inforastion  on  the  trace  species  and  their  role  in  the  oxidation.  Finally, 
preliainar)'  work  has  begun  on  the  oxidation  of  the  ortho-  and  Beta-  isoaers 
and  will  continue  to  be  investigated.  Of  particular  interest  is  what  change, 
if  any,  occurs  in  the  o-xylene  aechoniaa  which  leads  to  a  faster  burning  tiae. 
Upon  coapletion  of  the  study  of  the  xylenes,  aore  detailed  attention  will  be 
given  to  the  polynuclear  aroaatics  which  fora  a  coapcxient  of  JP  fuels  and  have 
serious  raaifications  with  respect  to  soot  foraation  as  well  as  environaental 
considerations.  Because  of  earlier  preliainary  studies  (11),  the  first 
coapound  to  be  studied  will  be  l-aethylnaphthalene. 
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B.  Soot  ForMtlon  ond  Dootructlon  Prooooa 

Bxtonsivo  prosrMO  and  undoratandlng  of  aoot  proceaaoa  have  developed 
froai  thia  aapect  of  the  AFOSR  pi'ofraa.  Theae  Princeton  atudiea  were  the  firat 
to  clearly  diatinfuiah  the  difference  between  aooting  tandenciea  of  pre-aiixeu 
and  diffuaion  controlled  coabuation  proceaaea  and  to  aav>haaiae  the  iaportance 
of  conaiderinf  teafwrature  in  analyzing  the  aooting  tendency  of  fuela  (12). 

The  work  on  prer-nixed  flaoMo  waa  coaipleted  and  a  correlation  devel<^ed  between 
the  critical  aooting  equivalMice  ratio  of  fuela  and  aixturea  and  a  aingle 
property  of  the  fuel,  naoKly  the  "nuabor  of  C-C  bonda*'  (13).  Work  on 
diffuaion  flaaea  alao  haa  largely  been  coapleted.  The  iaportance  of 
teaperature  waa  particularly  aignificant  for  thia  type  of  coabuation  prot^aa. 
The  reaulta  of  the  prograa  aake  it  poaaible  to  deteraine  froa  a  fundaaental 
knowledge  of  the  pyrolyaia  kinetica  of  coaponent  fuela,  their  tendency  to  aoot 
under  diffuaion  flaae  conditions  (14,16). 

The  key  to  controlling  aoot  foraetion  irreapective  of  controlling  the 
teaperature  la  a  knowledge  of  the  aecheniaa  of  aoot  foraation,  but,  perhapa, 
aa  i^wrtant,  alao  knowledge  of  the  precuraors  that  control  the  aoot  fonKtion 
proceaa.  Thus  for  this  annual  period  aoat  attention  was  directed  towards  this 
objective  by  cheaical  aaapling  ’’unique'*  inverse  diffusion  flaaea  and  asking 
use  of  the  cheaical  inatruaentation  available  in  the  oxidation  kinetica  aspect 
of  the  prograa.  The  aaapling  for  theae  flasMS  is  perforaed  at  a  near  sooting 
condition  which  is  developed  by  nitrogen  dilution  of  thi  flaae  (12). 

All  hydrocarbon  fuel,  except  aothane,  tend  to  fora  so  auch  aoot  in  the 
atandari  co-flow  laainar  flaae  geoaetry  eaployed  taat  a  near  sooting  flaae  is 
usually  unattainable:  with  large  dilution,  aoat  flaaea  lift-off  before  aoot 
foraation  can  be  eliainated.  However,  by  aiaply  interchanging  the  fuel  and 


oxlditer  atrttaM  and  chooalnf  the  diluvion  of  the  aireaM  appropriately, 
atable  flaaea  with  no  viaible  aoot  loading  are  readily  attained.  Meaaureaenta 
of  taaparature  and  interaediate  hydrocarbon  apeciea  for  theae  ao-called 
"inverae  diffuaion  flawa"  (IDFa)  of  ethane,  propane  and  1-butane  in  near  and 
alifhtly  aooting  conditiona  have  bean  aade.  The  affacta  of  flaae  taaftaratura 
and  fuel  atmeture  on  theae  profilaa  have  alao  bam  aaaaured. 

The  ready  achiaveaant  of  m  inverae  diffuaion  flaae  ■aaaureaMnt  aakaa  a 
daacription  of  the  axperiamtal  apparatua  worthMhile  in  thia  part  of  the 
raaearch.  The  gaoaetry  of  the  burner  in  aiailar  to  that  of  previoua 
invaatigationa  (22)  on  *'nor«al  diffiiaion  flaaea"  (NDFa)  md  conaiata  of  a  1  ca 
diaaeter  atainleas  ateel  central  tube  md  m  8  ca  outer  ahroud.  The  oxidiaer 
ia  a  controllable  aixture  of  Oa  md  Ns  md  flowa  through  the  cmtral  tube. 

The  fuel  flows  in  the  outer  atreaa  and  ia  heavily  diluted  with  Ns.  The  inlet 
velocities  of  the  two  streaaa  are  always  coaparable. 

The  aystm  ia  enclosed  by  a  plexiglass  chianey  with  aounted  aaapling 
probea  md  theraocouples  fixed  with  respect  to  the  chianey.  The  systea  ia 
sealed  to  prevent  aabient  air  contaaination  of  the  fuel.  The  mtire  chianey 
aaseably  ia  aovable  vertically  md  the  probea  are  aounted  on  vernier  acales  ao 
that  profiles  both  axially  (by  aoving  the  chianey)  and  radially  are  possible. 

Gaseous  saaplea  were  taken  using  m  uncooled  quartz  aicro-probe  with  m 
orifice  of  roughly  75  aicroaeters.  The  probe  ia  vertical  in  the  flaae 
mvironamt,  roughly  parallel  to  the  atreaalines.  Saaplea  are  expmded  froa 
the  flaae  to  approxiaately  100  torr  md  subaequmtly  ccapressed  to  1 
ataoaphere  for  analyais  using  m  HP-5840  Gas  Chroaatograph  eaploying  m  FID. 
The  GC/HS  ayatm  wan  used  to  identify  soae  unknown  species.  Soae  aeasureaents 
of  the  perammt  gases  Os,  Ns,  CO  md  COs  were  aade  with  a  Varim  920  GC 
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eaploying  a  TCD.  Ks  concantratioiw  Mara  not  Baaaurad. 

Taaparatura  amaauraaMnta  were  sade  with  a  GJk  Rh-Pt/SOk  Rh-Pt  theraocouple 
with  a  0.002  inch  wlra  and  coatad  Mith  quarta  to  a  diaaMtar  of  0.004  Inchaa  to 
prevent  catalytic  af facta.  No  correcti(»B  for  conduction  or  radiation  ware 
■ada. 

Of  all  the  fuela  teated,  one  athene  flame  was  aaapled  in  detail  and  ia 
conaiderad  as  a  baae  flame  from  which  the  effbots  of  perturbations  of  the 
flame  conditions  can  be  observed.  In  all  cases,  the  flame  structure  is  kept 
similar  by  keeping  the  flame  height  and  the  parameter  S=Xoa/[Xf  (n-t>n/4)] 
constant.  Xoa  and  Xt  are  the  oxygen  and  fuel  inlet  mole  fractions,  and  n  and 
a  are  the  carbon  and  hydrogen  number  of  the  fuel  (16).  For  a  given  fuel,  by 
changing  the  Oa  tJid  fuel  concentrations  together,  flaa»s  of  similar  atructure 
but  uniformly  higher  temperatures  are  obtained  ao  that  the  effects  of 
increased  tesqMrature  on  intermediate  hydrocarbon  concentrations  at  fixed 
residence  times  (17)  are  observed. 

Many  of  the  original  measurements  were  described  in  the  previous  cmnual 
report  (18).  Since  most  of  this  work  is  nearly  completed  and  will  soon  appear 
as  a  Ph.D.  Thesis  (19),  it  appears  appropriate  to  discuss  the  inverse 
diffusion  flame  results  with  respect  to  the  early  work  on  normal  diffusion 
flames  becaxise  in  this  manner  the  application  of  this  research  (ipproach  is 
most  readily  seen. 

Detailed  results  of  tests  performed  with  normal  diffusion  flames  (NDF) 
have  been  reported  extensively  in  the  papers  listed  in  the  references. 

Earlier  results  on  the  inverse  diffusion  flames  were  reported  in  the  last 
annual  report  and  a  recent  Ph.D.  Thesis  (19)  as  mentioned.  It  should  be 
noted,  since  the  objectives  of  the  two  efforts  were  different,  that  the  same 
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and  indicates  that  the  cheHis  r'-^  depicted  for  C4  species  by  Frenklach*  et  al. 
(20)  is  a  <'oinDon  feature.  At  first  glance  it  night  be  thought  that  di¬ 
acetylene  is  the  ivportant  precursor  specie  for  soot  eince  its  concentration 
is  the  same  for  all  f lanes  Just  prior  to  soot  inception.  However,  it  nust  be 
enphasized  that  the  initial  nuuber  density  of  soot  particles  fomed  is 
responsible  for  the  soot  fomation  rates  observed  in  f lanes.  If  a  specific 
specie  controlled  whether  or  not  inception  occurred,  and  that  specie  had 
similar  concentrations  in  different  f lanes  (such  as  di-acetylene),  the 
subsequent  sooi.  formation  rates  should  be  the  sane  also.  Based  on  this 
argument,  di-acetylene  is  clearly  not  a  controlling  specie  since  the  soot 
fomation  rates  in  the  flames  are  drastically  different. 

The  explanation  for  di-acetylene  being  sinilar  in  all  flames  is  that  di¬ 
acetylene  is  closely  tied  to  both  acetylene  concentrations  and  local 
temperature.  In  an  ethene  IDF  test  with  argon  to  separate  fuel  concentration 
from  temperature  effects,  it  was  observed  that  di-acetylene  concentrations, 
unlike  most  other  species,  were  closely  tied  to  temperature,  and  little 
affected  by  fuel  concentration.  Also,  the  ratio  of  di-acetylene  to  acetylene 
was  observed  to  be  very  similar  in  all  flames  (implying  that  acetylene  also 
has  similar  concentrations,  which  is  to  a  large  extent  true).  Modelling 
results  (Singh  and  Kem  (21)  and  Frenklach  et  al.  (20)  demonstrate  that,  as 
observed  in  these  flames,  an  equilibrium  between  acetylene  and  di-acetylene 
tends  to  be  approached. 

While  the  'iiception  of  soot  is  tied  to  the  location  of  the  '1300K’ 
isotherm,  except  for  methane,  the  soot  formation  rates  are  related  to  the 
concentration  field  at  inception.  In  particular,  the  aromatic  content  of  the 
flames  seems  tc  scale  with  soot  loading.  In  order  to  observe  this  result  more 
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closely,  Figure  3  is  a  plot  of  the  fuel’s  sooting  tendency  as  a  function  of 
the  Measured  aroBatic  concentrations  prior  to  soot  inception.  The  sooting 
tendency  is  obtained  fron  previous  saoke  height  tests  at  a  coBBK>n  inverse 
flane  teaperature  of  4.32  (2315K).  The  results  of  both  IDF  and  NDF  t£«sts 
indirectly  confirm  that  the  initial  number  density  of  soot  particles  which 
form  scale  with  the  aroaatic  content  just  prior  to  soot  inception.  It  is  not 
surprising  that  the  aromatic  content  is  so  important  to  the  soot  loading. 

What  is  unique  is  that  the  aromatic  content  does  not  determine  whether  or  not 
inception  will  occur  (provided  a  threshold  of  intermediates  specie 
concentrations  exists).  The  results  of  the  smoke  height  tests  using  mixtures 
of  benzene  and  hexene  (22)  are  in  agreraent  with  these  observations.  Adding 
small  amounts  of  benzene  to  hexene  probably  does  not  change  the  location  of 
the  soot  inception  point,  but  increases  the  number  density  of  particles  formed 
there  and  therefore  increases  the  sooting  tendency  proportionally. 

Again  more  extensive  details  will  be  reported  in  the  Ph.D.  thesis  of 
Sidebothcun  (19)  and  papers  to  be  submitted.  In  the  thesis  preliminary  work  on 
the  effect  of  small  concentrations  of  oxygen  on  the  sooting  tendency  of  fuels 
and  the  possible  effect  of  this  oxygen  on  the  chemical  route  to  the  important 
aromatic  precursor  was  initiated.  Such  work  will  form  one  aspect  of  the 
continuing  effort  to  gain  further  insight  to  the  soot  precursor  formation 
mechanism  in  real  flames.  Other  matters  to  be  considered  are  the  effect  of 
diluents,  hydrogen  addition  and  possible  synergistic  effects  of  fuel  mixtures. 
These  efforts  will  not  only  give  insight  to  the  soot  formation  in  laminar 
flames,  but  will  be  appropriate  to  understanding  soot  phenomena  under 
turbulent  flame  conditions. 
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C.  Energy  Density  (Boron)  Slurry  Veporisstion/Conbustion  Processes 

' .  Free  Slurry  Droplet  Co^ustion 

The  experiaentel  studies  In  burning  of  free  slurry  droplets  have  prog¬ 
ressed  substantially  during  the  past  year. 

Despite  the  considerable  attention  that  boron  slurries  have  received  in 
recent  years  as  potential  high  energy  density  liquid  fuels,  very  little 
fundanental  work  on  the  actual  vaporization/coift>ustion  of  isolated  droplets 
have  been  reported  to  date.  The  primary  purpose  of  the  current  study  is  to 
investigate  the  fundamental  vaporization/coabustion  behavior  of  boron  slurry 
droplets  and  to  provide  information  useful  for  fuel  and  coiri>ustor  development 
efforts.  First  observu^tions  on  the  cosbustion  properties  of  isolated  boron 
slurry  droplets  were  reported  in  the  previous  contract  period  (23-25], 
particularly  focused  on  disruption  phenomena  of  the  primary  slurry  droplets. 
During  the  past  year,  the  work  was  extended  to  in-house  boron/ JP-10  slurries 


with  and  without  surfactants.  The  results  were  reported  at  the  Boron 
Combustion  Workshop  at  the  1987  AFOSR/ONR  Contractors  Meeting  on  Coari>ustion 
[26].  Currently,  sesne  additional  experimental  efforts  are  under  way  to  test 
several  in-house  boron/JP-10  slurries  using  various  types  of  boron  particles 
and  their  dispersants  and  to  collect  condensed-phase  combustion  products  to 
investigate  both  the  role  of  condensation  and  the  mechanism  of  disruption. 

Observations  of  burning  free  droplets  of  both  pure  JP-10  and  boron/JP-lO 
slurry  fuels  were  made  in  a  high-temperature,  atmospheric-pressure,  oxidizing 
environment  under  conditions  of  low  Reynolds  number.  A  stream  of  well- 
dinpersed  droplets  (approximately  100  droplet  diameters  apart)  was  projected 
downward  through  the  center  of  a  pr^ixed,  water-cooled,  flat-flame  burner 
coaxially  into  a  hot  post-combustion  gas  stream.  A  droplet  generation  system 
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utilizing  an  aerodynamic  technique,  which  was  developed  in  the  previous 
contract  period  particularly  for  highly-viscous  solid-containing  liquid  fuels, 
was  used  to  produce  small  droplets  (typically  350-450  microns  diameter)  of 
boron/ JP-10  slurry  fuels.  The  flat-flame  burner  producing  the  post-combustion 
gases  was  operated  at  atmospheric  pressiure  using  fuel-lean  mixtures  of 
methane,  oxygen,  and  nitrogen  (Table  1). 

Two  types  of  in-house  boron  slurries,  one  with  a  surfactant  and  another 
one  without  surfactant,  were  used  in  addition  to  a  coMercially  available 
product  (SunTech).  Amorphous  boron  particles  (H.C.  Starck,  95/97%  purity, 
0.20-0.32  average  diameter)  were  mixed  with  pure  JP-10  (exu- 
tetrahydrodicyclopentadiene) .  A  small  amount  (2  wt.%)  of  a  sorbitan  fatty 
acid  eater-type  surfactant  (ICI  Americas,  SPAN85,  sorbitan  trioleate)  was  used 
to  stabilize  the  slurries  of  the  boron  mass  fractions  of  Ys  =0.1  and  0.3. 

Figure  4  shows  a  scanning  electron  micrograph  (SBM)  of  a  quasi-spherical 
shell  of  the  boron  agglomerate,  collected  from  the  scurry  (SunTech,  Yb  »  0.3) 
burning  chimney.  The  diameter  of  the  shell  appears  to  be  close  to  the  droplet 
diameter  at  the  time  of  disruption.  The  blowholes  seas  to  be  created  as  a 
result  of  the  eruption  of  the  mass  interior  of  the  primary  slurry  droplet  at 
the  disruption  event.  It  is  noticeable  that  the  surface  is  relatively  smooth 
on  the  outer  surface  of  the  shell  as  coiqpared  with  the  inner  surface.  The 
thickness  of  the  shell  is  apprcximately  5-15  microns  for  both  cases  of  Yb  = 

0.1  and  0.3,  which  is  slightly  thinner  than  the  estimated  value  (20  microns) 
as  postulated  [25].  The  SEN  analyses  of  the  collected  shell  structure 
strongly  support  the  hypotheses  on  the  mechanisms  of  the  formation  of  the 
impermeable  shell  and  subsequent  droplet  disrt^>tion,  that  vre  have  proposed 
previously  [25] (see  Fig,  5). 
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Figure  6  ahowe  tiae-expoaure  (1/30  a)  direct  photogra^ha  of  diaruptively- 
buming  dropleta  of  the  in-houae  boron  alurry  with  the  aurfactant  (Yb  =  0.3, 
Yjp-io  =  0.68,  Yspamss  =  0.02).  Figure  3a  ahowa  the  entire  view  of  the 
burning  proceaa  and  Fig.  6b  ahowa  the  amgnified  view  of  the  diarupting  region. 
The  violent  diaruption  with  the  greeniah  eaiaaion  and  popping  aound,  both 
tidiich  are  indicative  of  boron  ignition,  waa  obaerved  to  be  identical  to  the 
behavior  of  the  wanufactured  alurriea  (SunTech,  UOP,  and  Atlantic  Reaearch)  aa 
reported  previoualy  [23-25]. 

By  contraat,  aa  ahown  in  Figure  7,  for  the  alurry  containing  the  aaae 
aaount  of  boron  (Yb  =  0.3)  but  no  aurfactant,  only  a  weak  diaruption  waa 
obaerved  at  a  aubstantially  delayed  tive.  No  greeniah  eaiiaaiona  or  popping 
aounda  were  noticeable  and  indicateano  boron  ignition.  The  Mgnified  view  of 
the  diarupting  region  (Fig.  7b)  ahowa  bniahlike  yellow  atreaka  and,  probably, 
reaulta  froa  puffing  of  gases  froa  the  priaary  slurry  dropleta.  The  dropleta 
of  JP-10  with  2  wt.k  surfactant,  tested  for  coaparison,  showed  no  violent 
disruption  and  the  coabustion  terainated  with  the  flash  extinction,  which  was 
slightly  stronger  than  pure  fuels. 

Figure  5  shows  optical  aicroacopic  photographs  of  boron  aggloaerates 
collected  at  the  exit  of  the  coaibuation  chianey  where  droplets  of  the  in-houae 
boron/JP-10  slurry  with  the  surfactant  are  burning  under  the  aaae  experiaental 
condition  with  that  of  Fig.  6.  The  low  aagnification  photograph  (Fig.  8a) 
shows  the  aggloaerate  shells  with  blondioles,  aiailar  to  the  one  shown  in  Fig. 

4,  and  fragaents  of  the  shells  created  by  violent  disruption.  The  aagnified 
photograph  (Fig.  8b)  shows  aore  clearly  the  shell  structure  and  the  blowholes. 

By  contrast,  as  shown  in  Fig.  9,  the  structure  of  the  agglcmerates  is  quite 
different  for  the  slurry  with  no  surfactant  collected  under  the  sane 
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conditions  as  that  of  Fig.  7.  The  aggloaeratas  are  nearly  spherical  and 
solid. 

These  results  clearly  deaonstrated  that  the  surfactant,  in  cosibination 
with  tho  boron  particles,  is  responsible  for  the  foraation  of  the  iaperaeable 
shell  structure  and  subsequent  disruption  phenoaena.  The  physical  ideas  that 
have  been  proposed  previously  [23-25]  and  the  observations  reported  here 
should  be  used  to  develop  quantitative  aodels  for  the  disruptive  burning 
process . 
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TABLE  1  Burner  Operating  Conditions  end  Bstieeted 
Gat  Mixture  Coeposltions 
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Clk  Ot  Mt 
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Mole  Fraction 
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0.17 
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0.3 

10.0 

66.7 
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0.08 
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10.0 
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0.25 
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riQURS  CAPTIONS 


Fig.  1.  Najor  Bpecles  profiles  froa  the  oxidation  of  p-xylene. 

Fig.  2.  Interaediatea  in  near  sooting  and  saoke  point  conditions  of  nonMl 
and  inverse  diffusion  floaes. 

Fig.  3.  Fuel's  aootir ;  tendency  correlated  with  neasured  aroaatic 
concentration. 

Fig.  4  Scanning  electron  nicrograph  of  a  boron  agglonerate  shell  (lOOX). 

Fig.  5.  Schenatic  illustration  of  the  disruption  nechanian. 

Fig.  6.  Tine-exposure  photographs  of  burning  boron/JP-10  slurry  droplets 
with  the  surfactant.  Yt  =  0.30,  Yspahss  =  0.02.  (a)  Entire  view. 

(b)  Magnified  view. 

Fig.  7.  Tine-exposure  photographs  of  burning  boron/JP-10  slurry  droplets 

with  no  surfactant.  Yi  =  0.3.  (a)  Entire  view,  (b)  Magnified  view. 

Fig.  8,  Photographs  of  boron  agglonerates  collected  in  the  conbustion  of 

boron/JP-10  slurry  droplets  with  the  surfactant.  Yi  =  0.30,  YtPANst 
=  0.02.  (a)  Low  nagnification;  (b)  hi|^  nagnification. 

Fig.  S.  Photographs  of  boron  agglonerates  collected  in  the  cont'ustion  of 

boron/JP-10  slurry  droplets  with  no  surfactant.  Ys  «  0.30.  (a)  Low 

nagnification:  (b)  hi^  nagnification. 
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